Introduction
Research in the area of metal-organic frameworks (MOFs) exhibiting open structures continues to be interesting due to their many applications, both actual as well as potential. [1] Of the many MOF compounds investigated, those containing benzenecarboxylates constitute an important family [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] as they combine the principles of supramolecular chemistry along with favorable π···π interactions that give rise to fascinating crystal structures. The role of hydrogen bonding in metal-coordinated network structures is beginning to gain importance as it results in a large number of coordination polymers. Recently, the scope of the investigations on benzenecarboxylates has been enhanced by the use of heterocyclic carboxylic acids such as pyridine-, pyrazole-, and imidazolecarboxylic acids. These acids can act both as a multiple proton donor and acceptor and can use their carboxylate oxygen and nitrogen atoms, which are highly accessible to metal ions, to form interesting network structures. Thus, Lin and co-workers have employed pyridinecarboxylic acid to prepare a series of Zn 2+ and Cd 2+ coordination polymers using a molecular building-block approach. [11] [12] [13] [14] Pyrazoledicarboxylates have also given rise to interesting network structures of varying dimensionality. [15] [16] [17] Although many polymeric complexes have been prepared employing heterocyclic carboxylates, previously uncharacterized compounds with novel crystal [a] Framework Solids Laboratory, Solid State and Structural Chemistry Laboratory, Indian Institute of Science Bangalore 560012, India E-mail: snatarajan@sscu.iisc.ernet.in Supporting information for this article is available on the WWW under http://www.eurjic.org or from the author.
atoms of the heterocycles. The 1,10-phenanthroline molecules in 2 and 3 act as a secondary ligands and occupy the inter-chain spaces. The moderate hydrogen-bond interaction energy in 1 and the π···π interactions in 2 and 3 appear to play an important role for the structural stability. The structures of 2 and 3 appear to be related, even though they are formed with different carboxylic acids. All three compounds exhibit photoluminescence at room temperature.
structures often emerge during hydrothermal synthetic conditions. We have combined the advantages of the hydrothermal method of synthesis and multifunctional carboxylic acids in the presence of 1,10-phenanthroline to form a large number of new inorganic coordination polymers. [18, 19] 2 }] (3), by employing pyridine-and imidazoledicarboxylic acids. Compounds 1 and 2 were prepared from pyridine-2,5-dicarboxylic acid, whereas 3 was prepared from imidazole-4,5-dicarboxylic acid. While 1 possesses a zero-dimensional structure with a rectangular molecular-box arrangement, 2 and 3 have one-dimensional structures and all the structures are stabilized by hydrogen-bonding and π···π interactions. In this paper we describe the synthesis, structure, and properties of these compounds.
Results and Discussion
The asymmetric unit of 1 consists of 30 non-hydrogen atoms, of which two zinc atoms are crystallographically independent ( Figure 1 (1) showing the asymmetric unit. Thermal ellipsoids are given at 50 % probability. 
The asymmetric unit of 2 consists of 28 non-hydrogen atoms, of which only one Zn atom is crystallographically independent (Figure 3 Table 3 . In 2, the connectivity between Zn 2+ and the pyridine-2,5-carboxylate units gives rise to one-dimensional zigzag chains ( Figure 4 ). The 1,10-phenanthroline molecules act as a ligand to the Zn 2+ ions and occupy the inter-chain spaces, along with the lattice water, and contribute to the stability of 2 by forming favorable π···π interactions (Figure 4) . The presence of these interactions gives rise to a channel-like structure in 2. Unlike 1, no significant hydrogen-bond interactions are observed in 2.
The asymmetric unit of 3 consists of 26 non-hydrogen atoms, of which only one Zn atom is crystallographically independent ( Figure 5 Table 3 . The connectivity between the Zn 2+ and the imidazole-4,5-carboxylate units gives rise to one-dimensional zig-zag chains ( Figure 6 ). The 1,10-phenanthroline molecules act as a ligand to the Zn 2+ ions and occupy the interchain spaces ( Figure 6 ).
Room-temperature solid-state photoluminescence studies performed on powdered samples are presented in Figure 7 . Photoluminescence studies of coordination polymers of the type discussed here have been investigated in great detail during the past few years. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] In our present study, we found that coordination polymers 1-3 all exhibit photoluminescence. Compound 1 exhibits a single broad emission band at 430 nm, whilst compounds 2 and 3 exhibit two peaks at about 375 nm and at 390 nm when excited at 337 nm. The emission peak at 430 nm for 1 and at about 375 nm for 2 and 3 can be assigned to the intraligand fluorescent emission, since the acid displays a rather weak emission (λ max = 410 nm). The lifetime, τ, for the emissions are 0.016 and 0.018 ns for 2 and 3, respectively. This indicates that the luminescence should be assigned to fluorescence. The peak at 390 nm observed for 2 and 3 can be assigned to intraligand emission from the 1,10-phenanthroline ligand. [28] Similar ligand-to-metal charge transfer (LMCT) 
transitions have been observed in many metal-organic coordination polymers. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] It is known that free 1,10-phenanthroline exhibits weak emission peaks at 425 and 445 nm in the solid state at room temperature (see Supporting Information). The enhancement and the blue shift of the luminescence of the 1,10-phenanthroline ligand compared to that of free 1,10-phenanthroline may, therefore, be attributed to the chelating effect of the 1,10-phenanthroline ligand to the Zn 2+ ion. This effectively enhances the rigidity of the ligand and reduces the loss of energy by radiationless decay of the intraligand emission of the excited state. Similar blue-shifts involving rigid ligand molecules and coordination polymers have been observed before. [28] [29] [30] In addition, fluorescent emission of carboxylate ligands resulting (2) showing the asymmetric unit. Thermal ellipsoids are given at 50 % probability. 
3
Zn (1)
2.163 (4) Zn ( from the π* Ǟ n transition is very weak compared with that of the π* Ǟ π transition of the 1,10-phenanthroline ligand. The strongly electron-withdrawing carboxylate group results in a fluorescence quenching, so the carboxylate ligands hardly contribute to the fluorescent emission of the as-synthesized polymers. As can be seen, the main emission bands of 2 and 3 are located almost at the same position, but with differences in the band shapes, which has been attributed to the π* Ǟ π transition of the coordinated 1,10-phenanthroline ligand. [28] [29] [30] The differences in the band shape might also be due to the minor differences in the structural topologies of the two structures.
The three new compounds were obtained by employing hydrothermal methods. The compounds have zero-and one-dimensional structures. While 1 forms with a zero-di- (3) showing the asymmetric unit. Thermal ellipsoids are given at 50 % probability. mensional molecular box structure, 2 and 3 are formed with zig-zag one-dimensional chain structures. However, all three compounds are related in a subtle way. While compound 2 is formed by adding 1,10-phenanthroline to the synthesis mixture of 1, 3 is obtained by replacing pyridine-2,5-dicarboxylic acid with imidazole-4,5-dicarboxylic acid in the synthesis mixture of 2. The secondary ligand, 1,10-phenanthroline, replaces the terminal water molecules in 1 and, during this process, the coordination environment of the Zn 2+ ions also changes from distorted square-pyramidal (five-coordinate) to an octahedral one (six-coordinate). In addition, the coordination mode of the pyridine-2,5-dicarboxylate also changes from being a simple monodentate coordination in 1 to a combination of mono-and bis(didentate) in 2. In 3, however, the imidazole-4,5-dicarboxylate has a simple monodentate connectivity with Zn 2+ ions. The striking similarities between 2 and 3 can best be seen when viewing the structures down the chain axis. The 1,10-phenanthroline ligands occupy similar positions in both 2 and 3, thus indicating that the favorable π···π interactions between the ligand molecules play an important role in the formation and stability of these compounds.
The use of heterocyclic carboxylic acids provides both the proton donor as well as the acceptor through the carboxylate oxygen and the ring nitrogen atoms. Both these centers are highly accessible to the participating metal ions during the synthesis for the formation of both monodentate and/or multidentate M-O and M-N bonds. The structural motifs thus formed can then readily participate in hydrogen bonding to give rise to a variety of networks. In the present system of compounds, we observe differences in the connectivity of the carboxylate oxygen atoms but the nitrogen atom, in all cases, participates in bonding with the Zn 2+ ions. Similar behavior has been observed before. [17] In addition, moderate O-H···O-type hydrogen bonding is observed in 1 that gives rise to extended networks. It is likely that the presence of the rather bulky 1,10-phenanthroline as the secondary ligand in 2 and 3 prevents the formation of any hydrogen-bond interactions and only π···π interactions are observed (Figure 8 ). The role of π···π interactions in the stability of lower dimensional structures in metal-organic coordination polymers has been a topic of much interest. [31, 32] In the present compounds π···π interactions involving the 1,10-phenanthroline ligands are observed, especially in 2 and 3. The centroid-centroid distance (d) between the 1,10-phenanthroline rings and their interplanar angles (θ) for 2 and 3 are shown in Figure 9 . Favorable π···π interactions between these rings, with d = 3.66 Å and 3.45 Å and θ = 0.8°and 1.93°for 2 and 3, respectively, are observed. From the interplanar angles (θ), it is clear that the two 1,10-phenanthroline rings are arranged one over the other, but are stacked anti-parallel to each other. This type of anti-parallel arrangement of aromatic rings is commonly observed in systems exhibiting dipolar properties. To understand the role of π···π interactions, we have performed preliminary calculations using the AM1-parameterized Hamiltonian available in the Gaussian program suite. [33, 34] AM1 methods, together with a semi-classical dipolar description, have been employed recently to establish the relationship between the stability and geometries of organic molecules. [35] From these calculations, the dipole moment of the independent single 1,10-phenanthroline molecules was found to be 2.8 Debye; in 2 and 3, the dipole moment values for the stacked arrangement were found to be exactly zero. It is likely that the anti-parallel arrangement of the 1,10-phenanthroline molecules reduces the dipole-dipole repulsion and paves the way for π-electron polarizations. Figure 9 . Stacking of the 1,10-phenanthrolines in 2 and 3. Note that in both the cases the molecules are in an anti-parallel arrangement.
We also evaluated the strength of the π···π interactions in 2 and 3 based on single-point energy calculations, without symmetry constraints, on the basis of the crystal structure geometry. The π···π interaction energies were found to be 7.27 and 7.32 kcal mol -1 , respectively, for 2 and 3. These energies are comparable to the intermediate hydrogen-bond strengths (approx. 10-15 kcal mol -1 ) in N-H···O and O-H···O hydrogen-bond systems. [36] It should be noted that the carboxylate groups in 1 are stacked exactly one over other, while in 2 and 3 they are in an anti-parallel arrangement ( Figure 10 ). It is likely that the presence of 1,10-phenanthroline ligands and their π···π interactions influence the geometry of the carboxylate groups in 2 and 3, although all the carboxylate groups are separated by 6-7 Å in the structures. When the separation between the benzene rings is greater, as for instance between the pyridinecarboxylates in 1 and 2 and between the imidazolecarboxylates in 3, the π···π interactions are negligible. Of the three compounds described in this paper, the moderate hydrogen-bond interaction energy in 1 and the π···π interactions in 2 and 3 appear to play an important role for the observed structural stability. It is likely that the study of similar systems would open up new avenues for our understanding of the nature of π···π interactions and their role in structural stability. 
Experimental Section
General: All three compounds were synthesized by hydrothermal methods. In a typical synthesis of 1, ZnSO 4 ·7H 2 O (0.144 g, 0.5 mmol) was dissolved in 4 mL of 0.125 m NaOH solution. Pyridine-2,5-dicarboxylic acid (H 2 PyDC; 0.085 g, 0.5 mmol) and 0.03 mL of triethylamine (Et 3 N) were then added, with continuous stirring, and the mixture was homogenized at room temperature for 30 min. The final mixture was sealed in a 7-mL PTFE-lined stainless-steel acid digestion bomb and heated at 150°C for 5 d. The initial and final pH of the reaction mixture were 4 and 3.5, respectively. The final product contained large quantities of colorless rectangular crystals, which were filtered off, washed with copious quantities of deionized water under vacuum, and dried under ambient conditions. Compound 2 was prepared under identical synthetic conditions but with the addition of 0.1 g of 1,10-phenanthroline to the reaction mixture. For 3, zinc acetate (0.056 g, 0.25 mmol) was dissolved in 10 mL of water along with imidazole-4,5-dicarboxylic acid (0.085 g, 0.5 mmol), NaOH (0.04 g, 1 mmol), Et 3 N (0.03 mL, 0.25 mmol), and 1,10-phenanthroline (0.05 g, 0.25 mmol). The reaction mixture was heated in a 23-mL autoclave at 150°C for 7 d. The initial and final pH of the reaction mixture were 10 and 6, respectively. The colorless crystals obtained were filtered, washed with water, and dried under ambient conditions. 1: A suitable single crystal of each compound was carefully selected under a polarizing microscope and glued to a thin glass fiber. Crystal structure determination by Xray diffraction was performed with a Siemens Smart-CCD diffractometer equipped with a normal focus, 2.4 kW sealed-tube Xray source (Mo-K α radiation, λ = 0.71073 Å) operating at 40 kV and 40 mA. An empirical absorption correction was applied using the SADABS program. [37] The structure was solved and refined with the SHELXTL-PLUS suite of programs. [38] All the hydrogen atoms of the carboxylic acids and the bound water molecules were located in the difference Fourier maps. For the final refinement, the hydrogen atoms on the carboxylic acid were placed geometrically and held in the riding mode. Final refinement included atomic positions for all the atoms, anisotropic thermal parameters for all the non-hydrogen atoms, and isotropic thermal parameters for all the hydrogen atoms. Full-matrix least-squares refinement against |F 2 | was carried out with the SHELXTL-PLUS [38] suite of programs. Details of the structure solution and final refinement for all three compounds are given in Table 4 . CCDC-258001 to -258003 (1-3) contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
Supporting Information (see footnote on the first page of this article): Experimental and simulated powder XRD patterns, IR and TGA curves.
